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Abstract 
 
Ti4Al4V is an important aerospace alloy because of its excellent properties that include high 
strength to weight ratio and corrosion resistance. In spite of these impressive properties processing 
titanium is very challenging which contributes to the high cost of the material. laser metal 
deposition, an important additive manufacturing method is an excellent alternative manufacturing 
process for Ti6Al4V. The economy of this manufacturing process also depends on the right 
combination of processing parameters. The principal aim of this study is to know the optimum 
processing parameters that will result in deposit with sound metallurgical bonding with the 
substrate with proper mechanical property and better surface finish. This will help to reduce the 
need for expensive secondary finishing operations using this manufacturing process.  This study 
investigates the influence of scanning speed and the powder flow rate on the resulting properties 
of the deposited samples. Microstructure, Microhardness and surface finish of Ti6Al4V samples 
that were produced using the laser metal deposition process over a range of scanning speeds, 
ranging from 0.02 to 0.12 m/s and powder flow rate of ranging from 0.72 to 6.48 g/min. The 
microstructure, microhardness and surface finish were characterized using the optical microscopy, 
Metkon hardness tester and Jenoptik surface analyzer respectively. These process parameters 
variations were mapped with the microstructure, the microhardness and surface roughness. The 
microstructures were found to change from the thick lath of basket woven to martensitic 
microstructure as the scanning speed and the powder flow rate were increased. The microhardness 
and the surface roughness were found to increase as the scanning speed and the powder flow rate 
was increased. It can be concluded that in order to minimize the surface roughness while 
maintaining a moderate microhardness value, the optimum scanning speed is about 0.63 m/s while 
the powder flow rate should be maintained at 2.88 g/min. The laser power and the gas flow rate 
should also be fixed at 3 kW and 2 l/min respectively. 
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1. INTRODUCTION 
 
Laser metal deposition process belongs to the directed energy deposition class of additive 
manufacturing that can produce three dimensional (3D) objects directly from the 3D computer 
aided design (CAD) by incrementing the material layer by layer.[1] In this process, the laser is 
focused on the substrate thereby creating a melt-pool on the substrate. The powder or wire material 
is then delivered into the melt pool causing the delivered materials to be melted and upon 
solidification forming a track of the deposited material that is metallurgically bounded to the 
substrate. Laser metal deposition process is a promising advanced manufacturing process that is 
capable of reducing the buy-to-fly ratio and also capable of repairing high valued parts that were 
prohibitive or not repairable in the past. [2-4] Laser metal deposition process like any additive 
manufacturing is a tool-less manufacturing process making it an ideal alternative manufacturing 
process for difficult to machine materials such as titanium and its alloys. 
 
Ti6Al4V is an important titanium alloy and it is the most commonly produced and the most widely 
used titanium alloy .[5] Ti6Al4V is often referred to the workhorse of the industry because of the 
excellent properties possessed by the alloy .[6] These properties include: high strength-to-weight 
ratio, excellent corrosion resistance and heat treatable .[7] The use of laser metal deposition to 
produce or repair high valued parts is an interesting research area because of the great potential of 
this manufacturing technology.[3,4,8-17]  Processing parameters play an important role in the 
properties of the deposited parts. [11, 13, 18-24] 
 
The aim of this study is to establish the influence of scanning speed and the powder flow rate on 
the evolving physical, metallurgical and mechanical properties of the deposited samples. The 
properties that are investigated are respectively the surface roughness, the microstructure and the 
microhardness. This study will help to establish the optimized processing parameter that will give 
optimize surface finish and better mechanical property. This will help to reduce the need for 
secondary finishing operation after the deposition of the part. The results are presented and 
discussed in detail. 
 
2. MATERIALS AND METHOD 
 In this study, an experimental set-up available at the National Laser Center, CSIR, Pretoria, South 
Africa as shown pictorially in Figure 1 was used. [20] The experimental set-up consists of a Kuka 
robot that carries Nd-YAG laser and co-axial powder nozzles in its end effector. The Nd-YAG 
laser is of maximum power output of 4 kW with wavelength of 1.06 µm because of its suitability 
for processing this type of material. [25] The controlled environment chamber was improvised by 
using plastic wrapping, Argon gas and box that as shown in Figure 1 helps to prevent 
contamination of the deposited samples from the atmospheric oxygen and Nitrogen by keeping the 
oxygen level below 10 PPM. The laser focal length is maintained at a distance of 195 mm above 
the substrate and with spot size of 2 mm. 
 
Figure 1. Experimental Set-up [20] 
 
The substrate materials and the powder material used in this study is Ti6Al4V of 99.6 % purity. 
The substrate is hot rolled sheet of 70 X 70 X 5 mm in dimension. The Ti6Al4V powder is gas 
atomized powder. The substrate was sandblasted and washed with acetone before the deposition 
process. The laser power was maintained at a value of 3.0 kW and the gas flow rate at a value of 
2 l/min throughout the experiments. Experimental matrix with varying scanning speed and varying 
powder flow rate are shown in Table 1 and Table 2 respectively.  
 
Table 1. Experimental matrix with varying scanning speed 
Sample Label Scanning speed (m/s) Powder Flow Rate (g/min) 
A1 0.02 2.88 
A2 0.04 2.88 
A3 0.06 2.88 
A4 0.08 2.88 
A5 0.1 2.88 
A6 0.12 2.88 
 
Table 2. Experimental matrix with varying Powder flow rate 
Sample Label Powder Flow Rate (g/min) Scanning Speed (m/s) 
B1 0. 72 0.06 
B2 1.44 0.06 
B3 2.88 0.06 
B4 4.32 0.06 
B5 5.76 0.06 
B6 6.48 0.06 
 
After the deposition process, the as deposited sample was washed with acetone before the surface 
roughness measurements. The surface roughness of each track of the samples was measured with 
stylus surface analyzer by Jenoptik, equipped with Hommelmap 6.2 software. The measuring 
condition was in accordance with the ‘BS EN ISO 4288:1998’ standard. [26] Five measurements 
were taken on each of the samples, and the arithmetic average of the 2D roughness profiles (Ra) 
was recorded. The samples for the microhardness and the microstructure were then cut in the 
vertical direction of the deposited track so as to reveal the cross section of the samples. The cut 
samples were mounted in resin ground and polished following the standard metallurgical 
preparation of titanium and its alloys. [27] The samples for microstructural examination were etched 
using the Kroll’s reagent and the microstructure was studied under Olympus BX51M Optical 
Microscopy (OP) equipped with an Olympus DP25 digital camera. The microhardness indentation 
were taken using a Vickers microhardness indenter with a load of 300 g and a dwelling time of 
15s according to the ASTM E92 - 16 standard.[28] The distance between indentation was 
maintained at a distance of 15 μm.  The distance of 15 μm between indentations was chosen 
because it is more than twice the size of indentation which is recommended by the ASTM standard. 
 
3. RESULTS  
 
The microstructure of the Ti6Al4V substrate is shown in Figure 2 (a). The morphology of the 
Ti6Al4V powder is shown in Figure 2 (b). The micrographs of the deposited samples A1, A6, B1 
and B5 are shown in Figure 3 (a), 3 (b), 3 (c) and 3 (d) respectively. The micrographs showing the 
microstructure of samples produced at (a) scanning speed of 0.06 m/s and powder flow rate of 0.72 
g/min is shown in Figure 4 (a) and that of the sample at a scanning speed of 0.06 m/s and powder 
flow rate of 6.48 g/min is shown in Figure 4 (b). The results of the effect of the varying scanning 
speed on the microhardness and the average surface roughness are presented in Table 3. The results 
of the influence of the powder flow rate on the microhardness and average surface roughness are 
presented in Table 4. The microhardness indentation produced on the sample deposited at a 
scanning speed of 0.04 and powder flow rate of 2.88 g/min is shown in Figure 5. The graph of the 
microhardness and surface roughness against the scanning speed is shown in Figure 6 (a) and the 
graph of microhardness and surface roughness versus powder flow rate is shown in Figure 6 (b). 
 
Table 3. Results with varying scanning speed 
Sample 
Label 
Scanning 
Speed (m/s) 
Powder Flow 
Rate (g/min) 
Microhardness 
(HV) 
Surface 
Roughness (Ra) 
A1 0.02 2.88 330.60 5.5 
A2 0.04 2.88 354.05 14.01 
A3 0.06 2.88 379.05 18.09 
A4 0.08 2.88 405.79 20.93 
A5 0.1 2.88 442.02 22.98 
A6 0.12 2.88 446.06 23.09 
 
  
 Table 4. Results with varying Powder flow rate 
Sample 
Label 
Powder Flow 
Rate (g/min) 
Scanning 
Speed (m/s) 
Microhardness 
(HV) 
Surface 
Roughness (Ra) 
B1 0. 72 0.06 329.89 3.60 
B2 1.44 0.06 346.04 11.04 
B3 2.88 0.06 379.05 16.09 
B4 4.32 0.06 409.38 19.01 
B5 5.76 0.06 438.90 21.76 
B6 6.48 0.06 450.59 22.08 
 
 
4. DISCUSSION 
 
The microstructure of the Ti6Al4V substrate shown in Figure 2 (a) and it is characterized by beta 
phase in the matrix of alpha grains structure. The alpha phase is colored lighter by the etchant 
while the beta phase is coloured darker as shown in Figure 2 (a). This microstructure is typical of 
any Ti6Al4V because of the alpha and beta stabilizers contained in the alloy- aluminium and 
vanadium. This microstructure is what is responsible for the excellent properties of this titanium 
alloy and it is responsible for the highest strength-to-weight-ratio property posses by the alloy.  
 
(a) 
 
(b) 
 
Figure 2. The micrograph of (a) Ti6Al4V substrate (b) Ti6Al4V powder. 
 
 
The morphology of the Ti6Al4V powder shown in Figure 2 (b) is spherical in shape because of 
the gas atomization process used in producing the powder. Spherical shaped powders are more 
favoured for additive manufacturing process, [29] because it enables proper absorption of the laser 
energy.  The microstructures of the samples produced at scanning speed of 0.02 m/s and 0.12 m/s 
and at powder flow rate of 2.88 g/min are shown in Figure 3. The microstructure of the sample 
produced at scanning speed of 0.02 m/s and powder flow rate of 2.88 g/min consists of thick lath 
of Widmanstätten (basket woven) alpha grains structure as shown in Figure 3 (a) and 3 (b). The 
microstructure consists of thick lath of Widmanstätten (basket woven) alpha grains structure. The 
reason for this type of microstructure is that the cooling rate was very slow. Slow solidification 
and slow cooling rate are associated with large melt-pool that is resulted when the scanning speed 
is low. At low scanning speed, the laser-material-interaction time is high which gives more time 
for the melting of the surface of the substrate and the deposited powder which resulted in large 
melt-pool. Large melt-pool takes longer to solidify and cool down thereby promoting the formation 
of Widmanstätten alpha grains structure. A thicker lath of this Widmanstätten alpha is observed at 
this very low scanning speed which is seen to reduce as the scanning speed was increased.  The 
micrograph shown in Figure 3 (b) is that of the sample produced at a scanning speed of 0.12 m/s 
and powder flow rate of 2.88 g/min. The microstructure shows the presence of martensitic grain 
structure. The martensitic alpha was formed as a result of rapid cooling rate that occur when the 
scanning speed is high. At high scanning speed, the laser material interaction time is small and the 
melt pool produced at this high scanning speed is also small because there was less time for the 
laser to melt the surface of the substrate ass well as the deposited powder.  
 (a) 
 
(b) 
 
 (c) 
Figure 3. The micrographs showing the microstructure of samples produced at (a) scanning 
speed of 0.02 m/s and powder flow rate of 2.88 g/min (b) 3(a) at higher magnification  (c) 
scanning speed of 0.12 m/s and powder flow rate of 2.88 g/min 
 
This is what caused the solidification and the cooling rate to be faster which favors the formation 
of the martensitic alpha grains observed at this high scanning speed. 
  
The effect of the powder flow rate on the microstructure is observed to be similar to those produced 
with varying scanning speed. At low powder flow rate, the delivered powder into the melt-pool 
created by the laser beam on the substrate is low and effective melting took place. The melt-pool 
created is large because the available laser power is large and the delivered powder is small which 
resulted in more melting of the surface of the substrate. Large melt-pool solidifies and cools down 
slowly which supports the formation of the fine Widmanstätten alpha seen in Figure 4 (a). The 
mixture of Widmanstätten alpha and martensitic alpha grains are seen at high powder flow rate as 
shown in Figure 4 (b). At high powder flow rate, the large available powder for melting does not 
permit large melting of the substrate materials to occur because the large percentage of the 
available laser power is consumed by the delivered powder. which usually results in the creation 
of moderate melt-pool size? Moderate melt-pool cause the solidification and the cooling rate to 
promote the formation of both the Widmanstätten alpha and martensitic alpha grains to be formed 
as seen in Figure 4 (b). These microstructures are seen to have a direct relationship with the 
microhardness measured on these samples. The microhardness indentation on the sample at a 
scanning speed of 0.04 m/s and powder flow rate of 2.88 g/min is shown in Figure 5. 
  
(a) 
 
(a) 
 
Figure 4 the micrographs showing the microstructure of samples produced at (a) scanning speed 
of 0.06 m/s and powder flow rate of 0.72 g/min (b) scanning speed of 0.06 m/s and powder flow 
rate of 6.48 g/min 
 
The graph of microhardness against the scanning speed presented in Figure 6 (a) shows that the 
microhardness increased linearly as the scanning speed was increased. This can be correlated to 
the microstructures that were described above. The low microhardness obtained at low scanning 
speed is as a result of the formation of the Widmanstätten alpha grains structure which is soft. The 
martensites seen at higher scanning speed is responsible for the higher microhardness obtained at 
higher scanning speed. The rapid solidification associated with the small melt pool and high 
scanning speed is responsible for the formation of the martensitic alpha grain structures produced 
which is hard. 
 
 Figure 5. Micrograph of the sample at a scanning speed of 0.04 and powder flow rate of 2.88 
g/min 
 
 
 (a) 
 
(b) 
Figure 6. Graph of microhardness and surface roughness against the (a) scanning speed (b) 
Powder flow rate. 
It can be seen from the graph shown in Figure 6 (a) that the microhardness and the average surface 
roughness increased as the scanning speed was increased. At low scanning speed, the 
microhardness was found to be low; this is because of the Widmanstätten alpha grains that are 
produced at low scanning speed which is characterized by the softness of this grains. As the 
scanning speed was increased, the microhardness was found to be increased as a result of the 
presence of the martensitic alpha grains as the scanning speed was increased.  Similarly, the 
average surface roughness was found to increase with the increased in scanning speed as shown in 
Figure 6 (a) although the surface roughness varied non-lineally with the canning speed. At low 
scanning speed, there was proper melting of the deposited powder due to the high laser-material-
interaction-time and the slow cooling of the melt-pool resulted in the low surface roughness values 
at the low scanning speed. Conversely, at high scanning speed, the rapid cooling could results in 
the formation of scales on the surface of the deposited sample which could be responsible for the 
high average surface roughness values observed at high scanning speed. 
 
From Figure 6 (b), the microhardness was observed to increase with increased in powder flow rate. 
The low microhardness seen at the low powder flow rate was as a result of the soft Widmanstätten 
alpha grains structure formed at low powder flow rate due to the large melt pool. The presence of 
martensitic alpha grains structure which is hard as seen in the microstructure in combination with 
the Widmanstätten alpha grains structure at high powder flow rate could be responsible for the 
high microhardness values observed. It could also be as a result of the presence of unmelted 
powder particles in the deposited sample produced at high powder flow rate. if the available laser 
power is not enough to properly melt the large deposited powder this could result in higher 
scanning speed. If this is the case, it is not desirable and there should be limit to which the powder 
flow rate should be increased to prevent this from happening. Also, the surface roughness is 
observed to increase with increase in powder flow rate as shown in Figure 6 (b). At low powder 
flow rate, the proper melting of the powder and slow solidification as well as slow cooling rate 
was responsible for the low average surface roughness values obtained. The higher average 
roughness values seen at high powder flow rate could be as a result of the improper melting of the 
deposited powder at higher powder flow rate as explained earlier or it could be as a result of scale 
formation that is associated with rapid cooling of small melt pool. The optimum scanning speed 
and powder flow rate based on the other fixed processing parameters can be seen in Figure 6 (a) 
as 0.063 m/s and 2.88 g/min respectively. The reason for selecting these processing parameters as 
the optimum processing parameters is that, these parameters produce deposit with moderately high 
microhardness while minimizing the surface roughness value. 
 
5. CONCLUSION 
This study examined the influence of the scanning speed and the powder flow rate on the resulting 
microstructure, microhardness and the surface roughness during laser metal deposition process of 
Ti6Al4V, an important aerospace alloy. By increasing the scanning speed rate, it was found that 
the solidification rate was found to be increase that in turn results in the formation of 
microstructures varying from the soft Widmanstätten alpha grains structure to the hard martensitic 
alpha grain structures. The microhardness and the average surface roughness were found to 
increase with the increasing scanning speed which was as a result of these microstructures. Also, 
the microhardness and the surface roughness were found to increase as the powder flow rate was 
increased which could be as a result of improper melting of the powder at higher powder flow rate. 
It can be concluded that the powder flow rate should not be increase too much so as not to result 
in improper melting of the deposited sample which could be detrimental to the properties of the 
deposit. The optimum process parameters for the set of parameters considered in this study is the 
laser power of 3 kW, scanning speed of 0.063 m/s, the powder flow rate of 2.88 g/min and the gas 
flow rate of 2 l/min.   
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